We present a cost effective and scalable approach to fabricate solid state thermal neutron detectors. Electrophoretic deposition technique is used to fill deep silicon trenches with 10 B nanoparticles instead of conventional chemical vapor deposition process. Deep silicon trenches with width of 5-6 μm and depth of 60-65 μm were fabricated in a p-type Si (110) wafer using wet chemical etching method instead of DRIE method. These silicon trenches were converted into continuous p-n junction by the standard phosphorus diffusion process.
Introduction
Solid state thermal neutron detector devices are pursued as possible replacement for He-based detectors because these detectors minimize many disadvantages of He-based detectors such as device bulkiness, high voltage requirement etc. [1] [2] . Silicon devices themselves do not interact with thermal neutrons and hence a converter material such as LiF, 10 B, alpha particles create electron-hole pairs in p-n junction. The electrons and holes are separated by the junction built-in potential and can be detected as an electrical signal. To optimize the neutron detection efficiency, the interaction of neutron with 10 B and charge collection by nearby p-n junction has to be optimized at the same time. To carry out such optimization, many micro-structured silicon devices have been proposed such as honeycomb structures, pillar structures, silicon trenches structures [6] [7] [8] . Among these microstructured silicon p-n junction for thermal neutron detection, honeycomb and pillar structures were fabricated by using deep reactive ion etching (DRIE) method [9] and have been reported previously.
DRIE method is expensive and may not be suitable for cost effective mass production. To overcome this situation, we proposed to modify the device fabrication method by replacing DRIE method by wet chemical etching method. Trenched silicon structure can be fabricated using anisotropic wet chemical etching of (110) silicon wafers following the technique developed in 1960's [10] [11] . Previously, we have used low pressure chemical vapor deposition method (LPCVD) to fill the deep holes in silicon p-n junction to fabricate devices. However, for a trench structure, LPCVD deposition of boron film encounters many problems. One of the main problems is the stress introduced by the boron filling process. To overcome this stress problem caused by LPCVD, the filling of boron using nanoparticles was proposed. However, the nanoparticle filling results in less dense boron and this necessitates deeper trenches and thicker trench width. So, we explored electrophoretic deposition method for filling boron nano/micro particles in high aspect ratio silicon trenches and this paper addresses some results on the boron filling of trenches using boron nanoparticles. Device results on p-type silicon wafer and the results so obtained are also presented here for the first time.
Electrophoretic deposition is a colloidal processing technique in which thin film can be coated in a structured surface. The deposition process relies on the surface charge of the particles in a certain dispersive medium which determines the corresponding potential in its vicinity which introduces repulsive interaction among the particles. This potential is measured in terms of zeta potential which is defined as the potential at the share plane of the particle [12] . The dispersion medium having the absolute value of zeta potential higher than 30 mV is considered as a stable dispersion [13] . The zeta potential determines the rate of diffusion of a charged particle in the medium in an applied DC electric field. The absolute value of the zeta potential can be changed by changing the pH value of the dispersion medium. Addition of surfactant changes the charge balance condition and hence changes the zeta potential of the system. For example, the zeta potential of the particle in certain medium can be changed by adding iodine. Iodine produces H + ion in some organic solvents and changes the pH value of the liquid [14] .
It has been reported that the electophoretic deposition can be used to deposit thin film on to a structured surface with different spatial deposition selectivity. Generally, the pattering of the electrodes for electrophoretic deposition is done to control the materials deposition area and particles assembly [16] . Nadal [18] . The method of electrophoretic deposition in a featured surface can be easily implemented to drive the boron nanoparticles in deep trenches using the parallel plate electrode model.
The modification of boron filling method is favorable from the device fabrication prospective as well. One of the key problems with our previous version of solid state thermal neutron detector was that after filling the trenches with LPCVD boron, a window opening is required to make front contact. To open an ohmic contact window in a honeycomb structure, dry etching of boron was done using SF 6 gas. Due to poor selectivity between boron and silicon etching, there is always the risk of top layer of silicon getting etched through the p-n junction and the device getting shorted. Using electrophoretic deposition technique, the silicon trenches can be filled at room temperature and the contact metallization on the device can be made even before boron nanoparticles filling. The boron nanoparticles at the contact surface can be simply wiped off after the deposition to make the contact.
This paper reports for the first time on the fabrication of the neutron detector in a ptype silicon wafer with boron filling carried out by the electrophoretic deposition process. The reason behind choosing a p-type wafer is that the p-region will be bulk of the wafer that absorbs the alpha particles generated by the boron converter material. Since the minority carriers are electrons, higher collection efficiency is possible since they have larger diffusion length compared to holes; they can travel much faster and can be collected by the thicker p-type region. In fact, in the silicon photovoltaic industry, 84% of the solar cells use p-type wafer as the absorber layer.
Experimental Procedure

Fabrication of silicon trenches
The schematic diagram of the fabricated device is presented in Fig. 1 is used as a starting wafer. Front side of the wafer is doped n-type by diffusing phosphorous. The diffusion is done at 875 °C for 10 minutes using POCl 3 as pre-dep followed by diffusion for 40 minutes. The phosphosilicate glass grown during phosphorus diffusion was etched away using buffered oxide etch (BOE) solution. Device isolations were done using the dry etching of silicon using SF 6 in oxygen plasma which separates the dies with unit area of 2.5 mm x 2.5 mm. The exposed mesa side walls were passivated using 1.5 um silicon dioxide. On the device area, silicon dioxide of thickness of 300 nm was deposited using plasma enhanced chemical vapor deposition (PECVD) method and the mask for trench etching was made using photolithography followed by plasma etching of oxide by CHF 3 gas in oxygen plasma. High aspect ratio silicon trenches were made using wet etching of silicon using TMAH at 100 °C for 40 minutes. From the wet etching of silicon, we obtained the silicon trenches with width of 5-6 μm and depth of 60-65 μm. The side wall of the silicon trenches is 2-3 μm. After trench etching, the sample was RCA cleaned and a continuous p-n junction was made using POCl 3 diffusion at 825 °C with 10 minutes pre-dep and 30 minutes to diffuse phosphorus. The back side of the wafer is coated with Al using sputtering and the Al coated wafer is annealed at 400 °C for 2 minute using rapid thermal annealing (RTA). After the fabrication of the sample, the trenches were filled by enriched boron nanoparticles using electrophoretic deposition process. 
Analysis of enriched boron micro/nano particle suspension
The trenches are filled by boron using suspension of boron nanoparticles in ethyl alcohol. We have analyzed the surface charge behavior of 10 B micro/nano particles in ethyl solution. To enhance the surface charge density, we have used iodine as a surfactant. We prepared 3 different sets of boron nanoparticles. For the first one, we had used 0.1 mg of boron nanoparticles in 20 ml of ethyl alcohol. In the second suspension, 4 mg of iodine was dissolved in 20 ml of ethyl alcohol and 0.1 mg of boron nanoparticles was added. In the third suspension, 8 mg of iodine was dissolved in ethyl alcohol and 0.1 mg of boron nanoparticles was added. All of these three suspensions were sonicated separately and the zeta potential of these suspensions were measured using Zetasizer (Nicomp-PSS). The results of the zeta potential measurement are presented in Fig. 2 . The zeta potential increased from 6 mV without iodine to 11 mV with the addition of 8 mg of iodine. Hence, for boron micro/nano particles, the zeta potential, which controls the electrophoretic deposition rate can be changed using iodine as a surfactant. 
Silicon trench filling
To make the dispersion system for electrophoretic deposition, 40 mg of iodine was added and dissolved in 100 ml of ethyl alcohol (similar to adding 8 mg of iodine in 20 ml ethyl alcohol for the zeta potential measured suspension). Then, 1 gm boron nanoparticles were added to that ethyl alcohol and ultra-sonicated for 10 minutes. The schematic diagram for the electrophoretic deposition is shown in Fig. 3 . As shown in the figure, silicon device is attached in the cathode side. In this experimental configuration, the trajectory of the 10 B particles is perpendicular to the plate and is parallel towards the depth of the trench. After the device filling, the top part of the sample was wiped out to clean any over deposition. One part of the sample is cleaved and scanning electron microscope (SEM) image was taken. For the other piece of the sample, sputter coating of Ti/Al was done on the front part of the sample to make metallic contact. The sample was wire bonded using silver epoxy and I-V, C-V characterization and neutron detection efficiency was measured.
Results and Discussions
In this section, we will discuss the device characterization involving boron nanoparticles filling, electronic properties of the fabricated device and the device efficiency for neutron detection.
Boron nano/micro particles filling fraction
By weighing the silicon sample before and after nanoparticles filling, we could estimate the density of the filled nanoparticles. The volume of the trench is estimated by using pitch of the trench devices, width of silicon wall, width of trenches, and the depth of the trenches. The filling density of nanoparticles inside the trench was estimated to be 0.70 gm cm We obtained lower density for the nanoparticle filled trench devices compared to our previous LPCVD boron filled devices [19] which was 1.8 gm cm -3 . However, the depth of the holes in honeycomb structure were 45 μm while the depth of the silicon trenches is 60 μm giving larger space to fill boron. After boron nanoparticles were filled using electrophoretic deposition, the sample was cleaved and the images of the filled trench were taken using scanning electron microscope (SEM, SUPRA). The SEM images of the crosssection of samples are presented in Fig. 4 . From the SEM images, we have seen that the micr/nano particles were filled up to the bottom of the trenches.
Leakage Current
Leakage current of the fabricated neutron detector p-n junction is important since it indicates the noise level of the detector. The leakage current was measured and the results are presented in Fig. 5 . While calculating the device current density, we considered the top area of the device as the device active area which is 0.0625 cm -2 for a 2.5 x 2.5 mm 2 die. In fact, this is not the true surface area of the p-n junction because of the trench profile of the device. The wall of the device is continuous p-n junction which has estimated surface area of the silicon wall is of the order of 0.72 cm 2 , so the effective leakage current density is one order of magnitude less than the reported value. Compared to our previous detector, the leakage current density in this device is high [15] . 
Capacitance
One of the key parameters that affects the performance of neutron detector is the capacitance of the device. If the capacitance of the sample is high, the detection limit of the device goes down. Figure 6 shows the capacitance as a function of reverse biased voltage. The capacitance of 2.5 x 2.5 mm 2 device at 0 V is 7 nF which sharply decreases to 1 nF at 1V reverse biased voltage. To understand the capacitance behavior, we fabricated and measured the capacitance for a planner device of the same wafer and estimate the carrier concentration using Mott-Schottky relation as shown in Eq. (1).
where C is the capacitance per unit area, q is electronic charge, is permeability of silicon, N d is the doping concentration of the wafer, V 0 is the barrier potential of silicon and V R is the reversed biased voltage. From Eq. (1), the carrier concentration of the wafer is calculated to be 1.7 x 10 15 cm -3 . Using the calculated carrier concentration, the depletion width of the p-n junction is estimated to be 750 nm. The thickness of the trench walls are 2-3 um which is more than double of the depletion width. Because of the wider trench width, the devices are not fully depleted and the side wall of the trenches also contributes to capacitance. From the geometrical structure of the trenches, the surface area of the trenches is 0.72 cm 2 which is much higher compared to the planner area of the device which is 0.0625 cm . This is the main reason why the capacitance of the device is very high compared to planner diode of same area at zero biased condition. Using the reverse biased condition, we have calculated the capacitance for these two device areas and the results along with the measured capacitance data are presented in Fig. 6 . From the capacitance plot, we can see that, a reversed biased voltage of 1 V is required for the device to get fully-depleted condition. From the capacitance point of view, there are couple of ways to improve the device to reduce the noise, one of them is to make the thinner trench with thickness less than 1.5 μm (twice of the depletion width). Since, the wall with thinner width will be fragile and will be very hard for further processing such as nanoparticles filling, another way to improve the device performance is to use higher resistivity wafer. In such case the depletion width of the p-n junction will be larger and the fully depleted trenches can be obtained.
Neutron Counts
The efficiency of thermal neutron detector was done using calibrated fission neutron source of 252 Cf which is moderated by high density polyethylene housing of 61 x 61 x 40 cm 3 . The neutron flux is calibrated and found that it has the flux of 298 n cm -2 s at the distance of 8 cm from the source. We measured the neutron count for our devices at different conditions (i) at the lead housing when there is no neutron source in the room, (ii) at 8 cm away from the neutron source, (iii) with 2 mm thick Cd sheet in between neutron source and the detector, and (iv) with 60 Co source to measure the gamma response. The result of the neutron response measurement is presented in Fig. 7 . When there is no source and the device is in the lead brick housing, the device has the noise level of 600 KeV. Then the device is measured using 252 Cf source which gives the count for thermal as well as fast neutron. Later, a Cd shielding of 2 mm width has been used to shield the thermal neutron and only high energy neutrons were detected. We subtracted the high energy neutron counts to obtain the thermal neutron counts. We obtained the thermal neutron counts of s. Figure 7 shows the count rate of thermal neutrons at different energy ranges. From the data, we have found the detection efficiency of our device is to be 20.9%.
Detector Cost Reduction
Mass production is needed to diversify the use of solid state neutron detector over the 3 He gas based neutron detector. To reduce cost, our 10 B filled silicon trench based thermal neutron detectors is a viable alternative. We made key changes in the device processing methodology to reduce the device cost. One of the methods used in our detector is the wet chemistry method for trench etching and is an easy technique compared to DRIE method for making silicon trenches. The use of electrophoretic deposition method is also a cost effective method over LPCVD. The low pressure CVD method involves the use of expensive enriched diborane gas. The filling using electrophoretic deposition can use boron nanoparticles and that can be done by using some home-made customized tools.
Conclusions
In conclusion, we have implemented the wet etching method for trench etching and electrophoretic deposition for filling the silicon trenches by 10 B nanoparticles. The loosely filled nanoparticles has the density of 0.7 gm cm -3 in silicon trenches of 5-6 μm width and 60-65 μm depth. We have successfully demonstrated that the EPD filling method can fill to the bottom of the high aspect ratio silicon trenches. Following the process mentioned earlier, we obtained the neutron detection efficiency of 20.9% for solid state thermal neutron detectors. This is the first publication of neutron detector fabrication in p-type silicon using electrophoretic deposition process for boron filling.
